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he technologies 
involved in modem 
circuit design have 
^F' considerably blurred the 
boundaries between digital and analog 
worlds. Suddenly, 100-MHz clocks v 
became commonplace in high-perfor- 
mance digital circuits. Now it's neces- 
sary to consider every connection 
between components as an RF-trans- 
mission line. 

As the need for higher performance 
pushes designers toward high-speed 
technology, the market demands more 
compact, lighter, and less power-hun- 
gry devices. With smaller size, analog 
effects again enter into consideration. 

As components and conductors 
come into close proximity, coupling 
between circuit sections becomes a 
problem. Obviously, self-interference 
must be eliminated to make the prod- 
uct workable, but this still doesn't 
make the product market worthy. 

To ensure that devices do not inter- 
fere with each other, strict regulations 
concerning electromagnetic compat- 
ibility are now enforced worldwide. 

In the U.S., the FCC regulates the 
testing and certification of all elec- 
tronic devices which generate or use 
clock rates above 9 kHz [ 1 ]. In prin- 
ciple, the FCC's charter protects com- 
munications from unwanted electro- 
magnetic interference (EMI). 

In the European Union, an Electro- 
magnetic Compatibility [EMCl Direc- 
tive prohibits undue interference to 
radio and telecommunications equip- 
ment. Equipment must possess suffi- 
cient immunity to operate as intended 
in the presence of interference [2]. 

Designers must follow these re- 
quirements. Failure to comply with 



EMI and EMC regulations has a seri- 
ous impact for everyone associated 
with the product — designers, manufac- 
turers, marketing, distribution, and 
even customers. 

Noncompliance can halt manufac- 
turing and distribution, incur fines, 
and cause the public posting of notices 
of noncompliance to warn potential 
customers and other agencies [3]. 

Assuring compliance involves an 
extensive series of tests. The EMI and 
EMC standards clearly define the con- 
struction of test sites, as well as the 
necessary test procedxires. Even a fairly 
Spartan facility capable of conducting 
these tests can coi}|£>ver $100,000 just 
to set up. Most caia^>anies, therefore, 
hire an out9i4ii|^|ab at $1000-2000 
^jpl day' to cbn^^^esting. 

Considering how fast charges accu- 
mulate during testing, it's obviously 
not smart to simply hire a test lab and 
wait for the results. Rather, designers 
should familiarize themselves with the 
relevant EMI and EMC standards and 
consider the compliance requirements 
at every stage in the design process. 

In INK 61, Jeff Bachiochi presented 
the basics of designing digital circuits 
for compliance, as well as some meth- 
ods for troubleshooting circuits to 
reduce potential problems at the time 
of testing for compliance. 

In this article, I delve deeper into 
the theory of how digital circuits pro- 
duce EMI. I also describe some low- 
cost tools and methods so you can 
identify and isolate the EMI sources 
that inevitably make it into a circuit. 

RADIATED EMISSIONS FROM 
DIGITAL CIRCUITS 

Digital circuits constantly switch 
the state of lines between high- and 
low-voltage levels to represent binary 
states. 

Figure la shows that the resulting 
time-domain waveform on any single 
line of a digital circuit can be idealized 
as a train of trapezoidal pulses of am- 
plitude A (either current [Jj or voltage 
[V]), risetime (t^), falltime {tf} at 10- 
90% amplitude, pulse width (t) at 50% 
amplitude, and period (T). 

The Fourier envelope of all fre- 
quency-domain components generated 
by such a periodic pulse train can be 
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approximated by the nomo- 
gram in Figure lb. The fre- 
quency spectrum is mainly a 
series of discrete sinewave 
harmonics starting at the fun- 
damental frequency fo= 1/T 
and continuing for all integer 
multiples of fo- 

The nomogram identifies 
two frequencies of interest. At 
fi, the locus of the maximum 
amplitudes rolls off with a 1/f 
slope. At /2, the locus rolls off 
at a more abrupt rate of 1/f. 
These frequencies are located 
at: 
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Figure ^—A pulse train with Oie cimracteristics shown in (a) produces a spectrum 
with an envelope that can be approximated by the nomogram of (b). 



where t is the faster of (t^, tf). 

The envelope of harmonic ampli- 
tude (in amps or volts) then simplifies 
to: 



[VorI) = 



2A ( T + 1) 



where / is less than /j, 
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= - 20 dB / decade roll off 



where /j is less than or equal to /, and / 
is less than f2, and 



where /j is less than or equal to /, and / 
is less than /g, and 
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= 20 log 
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where /2 is less than or equal to /. 

Depending on its internal imped- 
ance, a circuit carrying a pulse train 
creates a field in its vicinity which is 
principally electric or magnetic. At a 
greater distance from the source, the 
field becomes electromagnetic, regard- 
less of the source impedance. 

If there is a conduction or radiation 
coupling mechanism, some or all of 



the frequency components in 
the digital pulse train's spec- 
trum are absorbed by a "vic- 
tim" receiver circuit. 

To illustrate the extent of 
the problem, imagine a mi- 
crocomputer motherboard 
consisting of a CPU, glue 
logic, and memory ICs in an 
unshielded plastic case. 

Assume that a number of 
these ICs toggle states syn- 
chronously at a frequency of 
100 MHz. Also, assume the 
total j>ower switched by the 
circuit at any instant during 
a syachrpnpus transition is 
approy^atg]^ 10 W. Since a 
real cii>c^t'i efficiency is not 

Wnall fraction of 
this it) W does no useful 
work, is not dissipated as 
heat by the ICs and wiring, 
but radiates into space. 

The power radiated is 10 p^W since a 
reasonable fraction value of 10^ equals 
the total switched power at the funda- 
mental frequency. If an FM radio is 
placed 5 m from the motherboard, the 
field strength £ produced by the 10 p-W 
at this distance is approximated by: 
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(VorI) = 2^ 
Ttf^ 

= -40 dB/ decade roll off 

where /2 is less than or equal to /. 

For nonperiodic trains, the nomo- 
gram must be modified to account for 
the broadband nature of the source. To 
do so, define a nomogram of the spec- 
tral-density envelope of the signal for a 
unity bandwidth of 1 MHz by: 

where / is less than /j, 
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Technology 


Minimum 
Voltage 
Swing 
[V] 


Minimum 
Transition 

Time 

tins] 


Typical 
Bit Pulse 
Width 
T[ns] 


Equivalent 
Bandwidth 

[MHz] 


Single-load Output Source 

Input Impedance 
Capacitance (Low/High) 
[pF] 


5-V CMOS 


5 


70 


500 


4.5 


5 


300/300 


12-VCMOS 


12 


25 


250 


12 


5 


300/300 


HCMOS 


5 


3.5 


50 


92 


4 


160/160 


TTL 


3 


8 


50 


40 


5 


30/150 


m-s 


3 


2.6 


30 


125 


4 


15/50 


TTL-LS 


3 


5 


50 


65 


5.5 


30/160 


TTL-FAST 


3 


2.5 


25 


125 


4.5 


15/40'' 


ECL 


0.8 


2 


20 


160 


3 


7/7 


GaAs 


1 


0.1 


2 


3200 


1 


N/A 



Table 1— The most popular logic families have very different timing and driving parameters, resulting in radiated 
emissions spectra wft/) different charactehstics. 
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Figure ^Simple (Merential-mode rai^ting-drcmt configurations are created when an AC current flows on a 
current path that forms a loop enclosing a certain area S. a) Transient power demands of an IC are supplied by a 
decoupling capacitor, causing brief strong currer)ts that circulate on a loop formed by the supply-tius PCB traas. b) 
Fast digital signals driving low-impedance inputs form EMI-rsdiating loops when current returns through distant 
ground paths. 



If the field is generated by a high- 
current, low-voltage circuit, the field is 
mostly magnetic in nature. If, on the 
other hand, the field is produced by an 
element placed at high voltage w^ith 
little or no current, the field is mostly 
electric in nature. This is the domain 
of the near field, while the plane wave 
is in the domain of the far field. 

The ideal generator for a magnetic 
field {H-field) is thus a circular loop of 
area S[in^] carrying an AC current / of 
wavelength A,. 

Note that, although a static field is 
generated by a DC current and can be 
calculated with the following method, 
static H-fields do not cause radiated 
emissions. They are thus disregarded 
for EMI purposes. 

If the loop size is smaller than the 
observation distance D, the magni- 
tudes of the E and H vectors are found 
using the solutions derived from Max- 
well's equations. 

In the near field, the simplified 
values for these magnitudes are: 



"LmJ-4^3 



and 
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ZoIS 



where Zq equals the impedance of free 
space, 1207C, or 377 tl. 

Inspecting these equations, we find 
that in the near field, H is independent 
of X and decreases drastically with the 
inverse of the distance cubed. At the 
same time, the electric field increases 
as frequency increases, and it falls off 



with the inverse of the square of dis- 
tance. 

The wave impedance may be de- 
fined as the division of £ by H be- 
cause: 



^wave [ ^ 1 ~ 



thus, in the near field. 
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where 



D< 



48 



F[MHz] 



In the far field, on the other hand, 
both E- and H-fields decrease as the 
inverse of the observation distance as 
described by: 



H[^l- 



jdS_ 
X^D 
ZprtlS 

which maintains a constant imped- 
ance equal to Zo- You can therefore 
directly calculate the radiated power 
density in W/m^ by multiplying £ am 
H. 

E and H, and thus power, increase 
with the square of frequency. Limitir 
the bandwidth of radiated signals by . 
pulse train is therefore of utmost im- 
portance in controlling EMI. 

The region dividing the near field 
from the far field is called the tiansi- 
tioB legion ji.e.> at D 4S// iMHzj ). 
Abrupt transitions occur in near-fiek 
characteristics until a smooth blendi 
leads to f^-Iield characteristics. 

Electromagnetic fields are also crt 
ated by passing an alternating curren 
through a straight- wire dipole, just a? 
with a radio antenna. 

In this case, the near-field electric 
and magnetic vector amplitudes are: 



H[ 



A 
m 



U 



and 



4jtD^ 



ZqIIX 



where 1 is the dipole length in meter: 
Contrasting with the near-field H 
a loop which falls with the inverse 01 
ly, the near-field H of a dipole falls c 
as Similarly, the near-field £ of 




Photo 1— /\ s/mpte circuit can convert my triggered oscilloscope into a iOO-kHz to 400-UHz spectrum analyier 
suitable for near-field EMI sniffing. 
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dipole falls off as in contrast to 
that of a loop, which falls as //D". 

The wave impedance of emissions 
radiated by a dipole is also affected 
differently by frequency: 



27cD 



121 



Compare Equation 2 with Equation 
1. The change in wave impedance as a 
function of frequency in the case of a 
dipole is inverse to that of a loop. 

In the far field, the behavior of E- 
and H-fields is again similar to that of 
electromagnetic radiation from a loop. 
That is, they decrease as the observa- 
tion distance increases: 



H 



m 



iL 
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Beyond the transitional point, the 
wave impedance again remains con- 
stant at the value of Zq. The result of a 
constant impedance in the far field 
means that the ratio of £ to H compo- 
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Figure S—A useful H~field probe can be constructed 
from a small, halved ferrite bead, proximately 40 
turns of thin enameled wire detect the magnetic flux 
concentrated by the ferrite. A small portion of the ooax 
cable braid is used as an E-field shield for the coil. The 
assembly is mounted at the end of a small plastic tube 
which sen/es as a handle and is embedded in a glob o/ 
epoxy. 

nents remains constant regardless of 
how the field generates. 

Of course, real-life circuits are nei- 
ther ideal open wires nor perfect loops, 
but hybrids of these two. 

In a simplified form, as shown in 
Figure 3, a more realistic model of a 



circuit which radiates electromagnetic 
emissions assumes that an AC voltage 
source causes the flow of a current 7 in 
a rectangular loop enclosing an area S. 
The source impedance is Zgouice, and 
the impedance of the load is Zj^adf 
resulting in an overall equivalent im- 



pedance of Zcii, 



1 ^load- 



In the near field, the electric- and 
magnetic-field vector magnitudes are 
given by: 



VqS 



where Zciicuit is greater than or equal to 
7.9 D[m]flMHz], or 

' •■ " ■ ')- 

pfvi 0.631Sf[MHz] 
m J"~ ^ 

where Zdicuu is less than or equal to 
7.9 D[m]f[MHz], and 
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In the far-field, the electric- and 
magnetic-field vector magnitudes are 
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given by: 

„r Al 35x 10-^IS|f [MHz])^ 
"Linl = 

and 



D 



E[Si-2.H 

= Q-013VoSjf [MHz])^ 
DZ 

'-^ -^circuit 

The second lesson of controlling 
radiated emission leaps out from these 
equations: keep the area enclosed by 
loops carrying strong time-varying 
currents to the minimum possible. 
Similarly, traces carrying high voltages 
should be kept as short as possible and 
be properly terminated. 

Besides directing our attention to 
the parameters affecting radiated emis- 
sions, these equations are very useful 
when designing for compliance with 
EMI requirements. 

As exemplified by Figure 4, near- 
and far-field ballpark estimates of EMI 
can be obtained from known circuit 
parameters for a large number of com- 
mon circuit topologies. 

PROBING E-AND H-FIELDS 

As shown, the main reason why 
EMI standards require testing to be 



performed in the far field is that a 
constant impedance in the far field 
causes the ratio of £ to H components 
to remain constant regardless of how 
the field was generated. Hence, mea- 
surements can be reproduced with 
reliability, and standardized methods 
of testing can be defined with ease. 

From the past equations, however, 
it seems possible to establish a quanti- 
tative correlation to estimate far-field 
values from near-field measurements. 
Unfortunately, in practice, this is not 
the case. 

Near-field measurements are ex- 
tremely dependent on the source's 
exact geometry, the position of the 
near-field probe, and the interaction 
between the probe and the source. The 
variability of these values is too hi^H^h 
to enable the exact measurements 
necessary to calculate radiation behav- 
ior in the far-field region. 

Although it doesn't predict the 
outcome of compliance tests, near- 
field measurements are nevertheless 
useful for locating potential sources of 
radiated emissions. Here, near-field 
qualitative measurements with simple 
instruments can accurately pinpoint 
sources of EMI and identify their basic 
characteristics. 



In essence, if a strong E-field ant 
relatively weak H-field are detectei 
from a certain circuit section, the 
culprit can usually be traced to a tr 
of high-voltage pulses on a long wi ; 
an unterminated line, or a trace dri 
ing a high-impedance load. 

Conversely, if the H-field is stro 
and the E-field probe is inactive, th 
source of EMI is most likely a loop 
like circuit where strong currents 
circulate. Some examples are PCB 
tracks carrying strong currents, inti 
tors in switching power supplies, a 
eddy currents induced in metal em 
sures by strong internal fields. 

Since the same equations descri 
radiation emission apply to the rec 
tion of emissions, it is apparent th 
small loop o£ wire can act as a nea 
field probe mostly sensitive to H- 
fields. 

In contrast, E-fields are detected 
preferably by a short exposed wire- 
Measurements are then taken witl 
wideband AC voltmeter or a spect 
analyzer. 

Even a simple single-tum wire \ 
at the end of a coax cable can be ai 
effective H-field probe. With this a 
rangement, maximum output fron 
the probe is recorded when the loc^ 
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Figure 6— >^ varactor-based TV ium is the heart of a simple spectrum analyzer. 100-kHz to 40Q-MHz signals from a sniffing probe are upconverted to the 450-850-MH2 
tBnd, where the tuner can be swept by a sawtooth waveform. The tuner produces a 45-MHz intermediate frequency whitt can be processed to derive the input signal sl 
Direct connection of the probe to the tuner input extends the range of the spectrum analyzer to the high-VHFAJHF region (450-650 MHz). 
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Figure 7— The intermediate frequency output of the tuner is detected by U8, a single-chip IF processor. The Received Signal Str9n0h Indicator (RSSI) output, as a hmctim of 
the sawtooth signal driving the tuner, is a logarithmic representation of the spectmm of the signal picked up by the probe. 



in immediate proximity and aligned 
with a current-carrying wire. This 
directionality is very useful for pin- 
pointing the exact source of a suspi- 
cious signal. 

The diameter of the loop makes a 
large difference on H-field measure- 
ments [4]. The area enclosed by the 
loop influences the sensitivity of the 
probe since it determines the number 
of magnetic-flux lines which are inter- 
cepted to produce a detectable signal. 

A larger loop obviously develops a 
larger voltage at the input of the volt- 
meter or spectrum analyzer. On the 
other hand, larger loops have inher- 
ently larger self-inductance and equi- 
valent capacitance than smaller loops. 

As inductance increases, the net- 
work formed with the complex imped- 
ance of the measurement setup reso- 
nates at lower frequencies, beyond 
which the probe cannot be used. More- 
over, larger loops make it much more 
difficult to identify the exact source of 
an interfering signal. Their size does 
not allow them to selectively pick up 
radiations from single lines when a 
multitude of the latter are clustered 
close together. 

Coils with multiple turns increase 
sensitivity without appreciably in- 
creasing the physical size of the coil. 



However, this solution results in re- 
duced spectral response due to in- 
creased self-inductance. 



Loop geometry must therefore be 
chosen each time by compromise. It's 
a good idea to keep a variety of probes 
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handy to tackle different prob- 
lems. 

Another convenient H-field 
probe can be constructed simi- 
lar to AC-currcnt tongs. In this 
case, a magnetically permeable 
material concentrates the mag- 
netic-flux lines created by the 
circuit under test. 

The resulting magnetic flux 
is detected by a coil with mul- 
tiple turns. If the tongs com- 
pletely enclose the conductor 
in which current is flowing, the 
voltage developed across the 
coil is proportional to the vec- 
tor sum of the conductor's 
currents. 

This is, of course, impracti- 
cal for the needs of sniffing H- 
fields. A structure with open- 
ended tongs is more suitable for prob- 
ing a circuit without modifying it. 

The probe can be built as shown in 
Figure 5, using a small ferrite bead 
(e.g., 0.1" thick, 0.3" outer diameter) 
cut in half. The construction depends 
on the ferrite selected, but generally, 
40-50 turns of thin enameled copper 
wire provides suitable sensitivity. 

Solder the coil terminals to the 
center and shield of a coax cable. After 
insulating the central conductor con- 
nection, use a portion of the braid to 
cover the assembly. This shields the 
coil from the E-field. 

The assembly can then be mounted 
at the end of a small plastic tube and 
embedded within a glob of epoxy. For 
the prototype probe, I measured a vir- 
tually flat bandwidth from approxi- 
mately 600 kHz to 10 MHz. 

Better bandwidth is achieved with a 
VCR magnetic head. Video heads de- 
tect broadband magnetic fluctuations. 
For this reason, they are useful for 
sniffing H-fields from 2 to 120 MHz 
with relatively flat response. 

To construct the probe, carefully 
remove one of the magnetic heads 
from a discarded drum. Even a worn- 
out head works well. 

Soiled heads should be cleaned with 
a swab and pure alcohol. Degaussing 
also improves an old head's sensitivity. 
All other aspects of constructing and 
using this probe are the same as for the 
ferrite-bead probe. 



12UAC 
lA 




Figure 8— DC power for the various circuits of tfio spedrvm i 

For E-fields, the simplest near-field 
probe is a coax cable in which a short 
segment of the center conductor ex- 
tends beyond the braid at the untermi- 
nated end of the coax. Similar to the 
loop probe, a longer wire picks up a 
stronger signal at the expense of speci- 
ficity and bandwidth. 

In general, select a wire length 
which gives a sensitivity of approxi- 
mately 3 mV/m. At this level, poten- 
tially problematic emissions can be 
identified without causing undue con- 
cern about low-level emissions. 

Constructing the ideal H- or E-field 
probe for a specific job takes some trial 
and error, since the effort of electro- 
magnetic modeling required for proper 
design is overkill in most applications. 

You may nevertheless want to 
check whether a probe resonates with- 
in the desired spectral range. Connect 
a wideband probe to an RF generator 
set to track the tuning frequency of a 
wideband spectrum analyzer. The 
probe should be located in close prox- 
imity to the emitting probe, and con- 
nected to the spectrum analyzer's 
input. The limit of the probe's useful 
bandwidth is the point at which the 
first abrupt resonance appears. 

Before plugging the spectrum ana- 
lyzer into the powerline, however, the 
first step in conducting a near-field 
EMI study is to draw the assembly's 
component placement diagram. The 
diagram should indicate circuit points 



t tiwnt'^i^12-VAC input. 

identified in the mathematical circui 
harmonic analysis as potential source 
for EMI radiation. Only after this pre 
liminary work should you try bench 
testing. 

Conduct a coarse near-field sweep 
at relatively high gain to identify EM 
hot spots. Log the frequencies at whit 
strong components appear when scan 
ning the unit under test. Detailed 
scanning, using ai more discriminatin 
probe, can then concentrate on the hi 
spots identifying the culprit circuit 
generating offending emissions. 

You gain a valuable source of clue 
for future troubleshooting by printing 
the spectral estimate at each point tb 
measurements highly agree or strong 
disagree with the circuit's harmonic 
analysis. 

In any case, keep detailed and org;i 
nized notes of the near-field scans. 
They prove invaluable when attempt 
ing quick fixes while the clock is run 
ning at the far-field compliance-testii 
facility. 

A BARE-BONES SPECTRUM 
ANALYZER 

While an AC voltmeter indicates 
the field strength a probe is ekposed i 
it doesn't indicate an emission's spec- 
tral content. A spectrum analyzer is : 
tool that certainly can't be beat in th< 
search for offending signals. 

Unfortunately, spectrum analyzer' 
are often beyond tight budgets. For 
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near-field sniffing, however, even the 
crudest spectrum analyzer does a mag- 
nificent job. 

Photo 1 shows a simple home- 
brewed adapter that converts any trig- 
gered oscilloscope into a spectrujTi 
analyzer that gives qualitative spectral 
estimates of 100 kHz to 400 MHz. 

As shown in Figure 6, a voltage- 
controlled TV tuner Ul forms the 
basis of the simple spectrum analyzer. 
Most any voltage-controlled tuner 
works. You may be able to get one free 

from a discarded TV or VCR PCB. 
[ion vary irom uevice to aevice, out 

the pinout is usually identified by 

stampings on the metallic can of the 

device. 

Varactor-controlled TV tuners re- 
ceive signals on their RF input at a 
frequency determined by the voltage 
applied to the VTUNE input. With 
power applied to the UHF section of a 
tuner, typical control voltages between 
and 32 V span a frequency range of 
approximately 450-850 MHz. 

Tuner sensitivity can be adjusted 
through the AGC input. The output of 
the tuner is a standard 45-MHz IF. 

However, the 450-850-MHz range 
is not directly applicable to the large 
bulk of EMI sniffing. For this reason, a 
more appropriate range of 100 kHz to 
400 MHz is converted up to the tuner's 
input range through a circuit formed 
by U4-U7. 

Here, signals from the probe are 
low-pass filtered by U6 and injected 
into the IF port of a TUF-2 mixer. The 
LO input of the mixer is fed with the 
output of U4, a self-contained voltage- 
controlled oscillator tuned to 450 MHz 
by potentiometer R20. 

The RF port of the mixer outputs 
signals with frequency components at 
the sum and difference between the IF 
input and the LO frequency. This out- 
put is high-pass filtered by U5 to en- 
sure that only up-converted compo- 
nents are fed to the tuner input. 

Sweeping the tuner across its range 
is accomplished by a sawtooth wave- 
form which spans approximately 
1-31 V. The basic sawtooth is gener- 
ated by U3 and Ql, and buffered by 
U2b. The span of the sawtooth is set 
by attenuator RIO, while the center of 



the sweep is adjusted by introducing 
an offset on U2a by means of R13. 

The output of U2a is amplified by 
transistor Q2, which should be se- 
lected for a gain of 50 or less. The final 
span and linearity of the sweep is ad- 
justed in three ranges by Rl, R2, and 
R3. 

The IF output of the tuner is attenu- 
ated to a level suitable for processing 
by the circuit in Figure 7. Select the 
actual value of the resistors for this 
attenuator based on the output level of 

the snecific tuner you use, U8. an NE/ 
the sighal ana produces a logarithmic 

output of signal strength. 

In this portion of the circuit, the 45- 
MHz IF signal is coupled to the input 
of a RF mixer internal to U8 via a 
tuned circuit formed by CI 8, CI 9, and 
L3. The LO input of this mixer is fed 
from a 44.5-MHz crystal-controlled 
oscillator. The resulting 455-kHz IF is 
filtered by two ceramic filters, FLTl 
and FLT2. 

An internal Received Signal 
Strength Indicator (RSSI] circuit is 



used as a detector and linear-to-loga- 
rithmic converter. The RSSI output, as 
a function of the sawtooth signal driv- 
ing the tuner, is thus a logarithmic 
representation of the signal's spectrum 
picked up by the probe. 

RSSI is a current signal which re- 
quires conversion to a voltage by the 
network formed by R21-R23 and D3. 
C24 low-pass filtdrs the 1|SSI output to 
produce a smooth display/ and U2c 
acts as a buffer and impedance trans- 
former for the current-to-voltage con- 
verter. Pinallv. XlQa hlflnirn thp niitniit 

figure tr presents the power-supply 
circuit for the adapter. The ±12-V 
power supply powers most of the cir- 
cuitry, including the upconverter, 
tuner, and sawtooth generator. The IF 
proc^^r is powered by fifS V. 

The +31 V to drive the tuner's var- 
actors is obtained by stepping up the 
12- VAC input to +48 V and then reach- 
ing the desired voltage through UIO, 
an LM317-adjustable linear regulator. 

To operate the spectrum analyzer, 
the Y output of the adapter is con- 
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nected to the vertical input of the 
oscilloscope, and the TRIGGER output 
is connected to the trigger synchroni- 
zation input of the scope. 

The horizontal frequency of the 
oscilloscope is set so one full sweep 
caused by the sawtooth fits the full 
graticule on the oscilloscope's screen. 
Fine-tune it by either trimming the 
time base of the scope or by appropri- 
ately adjusting the value of R18. 

Alternatively, a two-channel oscil- 
loscope can be operated in the X-Y 
mode by injecting the sawtooth avail- 
able at pin 7 of U2a to the appropri- 
ately scaled x-axis channel. 

The comb generator circuit in Fig- 
ure 9 calibrates the adapter. The cir- 
cuit is simply a TTL-compatible 
40-MHz crystal-controlled oscillator 
module feeding a synchronous binary 
counter. 

It is called a comb generator be- 
cause the spectral pattern of any of its 
outputs resembles a hair comb with its 
prongs pointing up. Because these 
spectral components occur at har- 
monic multiples of the selected funda- 
mental square-wave frequency, it fol- 
lows that the frequency difference 
between consecutive prongs must be 
the same as the value of the funda- 
mental frequency of the square wave. 




Figure ^High-frequency clocks and fast logic generate broadband signals exten(Sng well into ttie himdreds-of- 
megahertz region. This generator produces various comb patterns whth help calibrate spectrum analyzers. 



The graph in Figure 10 presents the 
pattern obtained when the 20-MHz 
comb output of the generator is probed 
by a commercial-grade spectrum ana- 
lyzer. 
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Figure 1 0—The spectral pattern obtained from the output of the comb generator serves as a frequency niler 
because it presents strong spectral lines at every harmonic of the fundamental square wave. Notice the similarity 
between the envelope formed by the spectral components of this 20-MHz comb and the nortwgrams of Figures 1 
and 2. 



I accomplished AC coupling 
through a series-connection 15-pF 
capacitor. The capacitor's output side 
is terminated to ground through a 50-L 
noninductive resistor. This is the gold 
standard against which the adapter 
should be calibrated. 

Start testing the adapter by setting 
the sawtooth generator to vary the 
voltage at the VTUNE input of the 
tuner between 1 and 31 V. Initially, se 
R6 to apply 2.5 VDC to the AGC pin 
of Ul. 

Adjust the upconverter LO fre- 
quency to 450 MHz by trimming R20. 
At U4's VTUNE input, 9.6 VDC typi- 
cally results in the desired LO fre- 
quency. L4 should be trimmed to 
achieve stable oscillation of the 
44.5-MHz IF LO oscillator. 

With a 40-MHz comb applied to thi 
input of the adapter through a 1 5-pF 
coupling capacitor and with 50-Q ter- 
mination, adjust L3 to approximate thi 
expected 40-MHz comb pattern on the 
oscilloscope. 

After achieving a satisfactory dis- 
play for the 40-MHz comb, calibrate 
the linearity of the adapter using a 
20-MHz comb by first trimming R3 to 
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produce equal spacing between spec- 
tral lines throughout the lower tliird of 
the display. Then, linearize the mid- 
range by trimming R2, and finally the 
high range by trimming Rl . 

PASSING THE TEST 

Designing equipment that passes 
EMI and EMC compliance testing 
without fixes or delays never happens 
by mistake. Rather, it involves consid- 
ering compliance with EMI and EMC 
regulations from the very beginning of 
product formulation and design. 

Developing a first prototype free of 
foreseeable trouble gives a head start 
in the battle against EMI. Such devel- 
opment is possible by carefully select- 
ing the technologies which fulfill the 
product requirements while minimiz- 
ing EMI, using good design and con- 
struction practices, and making exten- 
sive use of circuit simulation tools. 

Near-field probing of the first proto- 
type should reveal real-world EMI 
effects that escape from the limited 
view of initial modeling. Correcting 
any problems through filtering, shield- 
ing, or redesign is inexpensive at early 
design stages. The second prototype 
already has a good chance of passing 
compliance testing with minimal 
rework. 

This article presented only a few of 
the ways in which technology selec- 
tion, circuit design, and layout tech- 
niques influence the generation of 
EMI. Many more books [5,6,7] and 
articles [8] disclose the secrets of the 
EMI and EMC world, all the way from 
Maxwell's equations, through the 
legalities of regulation, and into the 
tricks of the trade for taming EMI. 

Considering the stiff economical, 
technical, and legal penalties brought 
by manufacturing a product that does 
not comply with EMI and EMC regula- 
tions, you should be motivated to keep 
EMI in sight at every turn of the design 
process. |il 

David Piutchi has a Ph.D. in Biomedi- 
cal Engineering from Tel-Aviv Univer- 
sity. He is an engineering specialist at 
Intermedics, and his main RePD inter- 
est is biomedical signal processing in 
implantable devices. He may be 
reached at davidp@mails.imed.com. 
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